We calculate the effect of the P, CP-odd electron-nucleon interaction on the electric dipole moment of the 199 Hg atom by evaluating the nuclear spin matrix elements in terms of the nuclear shell model. It is found that the neutron spin matrix element of the 199 Hg nucleus is Ψ| σ nz |Ψ ≈ −0.3 with an errorbar of less than 20% and that of the proton is limited by | Ψ| σ pz |Ψ | < 0.01, with a dominant configuration of p 1/2 orbital neutron. Combined with the results of the hadronic and atomic level calculations, the overall uncertainty of the relation between the CP-odd light quark-electron interaction renormalized at the TeV scale and the EDM of 199 Hg atom is about 30%, which is the most accurately known for this system. We also derive constraints on the CP phases of Higgs-doublet models, supersymmetric models, and leptoquark models from the latest experimental limit |d Hg | < 7.4 × 10 −30 e cm.
Introduction
The baryon abundant Universe is realized if the fundamental theory fulfills Sakharov's criteria [1] . One important issue is the lack of CP violation in the standard model (SM) of particle physics which generates a too small baryon number asymmetry, by ten orders of magnitude compared with the observed one [2, 3] . Motivated by this problem, the search for CP violation beyond the SM is nowadays an active area in particle physics.
One of the promising experimental approaches to unveil new sources of CP violation is the search for the electric dipole moment (EDM) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The EDM is an excellent probe of CP violation thanks to the small SM background [21, 22] , and has been measured in many systems such as paramagnetic atoms [23] , neutron [24] , muon [25] , and electron inside molecules [26] [27] [28] . There are also many new experimental ideas to measure the EDM in other systems such as paramagnetic atoms using three-dimensional optical lattice [29, 30] , proton and light nuclei using storage rings [16, [31] [32] [33] [34] [35] , strange and charmed baryons using bent crystals [36, 37] , τ lepton from the precision analysis of collider experimental data [38, 39] , electron using polar molecules and inert gas matrix [40] , etc. The category of the most accurately measurable systems is the diamagnetic atom. The measured ones include 129 Xe (current limit |d Xe | < 4.0 × 10 −27 e cm [41] , prospective sensitivity ∼ 10 −31 e cm), 225 Ra (current limit |d Ra | < ×10 −23 e cm [42] , prospective sensitivity ∼ 10 −28 e cm), and 199 Hg which gives the current world record of the EDM upper limit |d Hg | < 7.4 × 10 −30 e cm [43] . Despite the exhaustive search in LHC experiments, their results are still consistent with the SM, and new approaches complementarily sensitive to new physics are now required. The EDM is actually an excellent alternative because it is more sensitive than the current reach of LHC (13 TeV) under the assumption of natural [O(1)] CP phases. The sensitivity of the EDM is so high that the detection of the Lorentz violation using this observable is also under discussion [44] .
In the context of the atomic EDM, Schiff's screening phenomenon [45] which cancels the EDM of nonrelativistic point-like constituent is well-known. The EDM of atoms is generated by three important mechanisms. These are (a) the relativistic enhancement of electron EDM, (b) the polarization of the atomic system by the P, CP-odd electronnucleon (e-N) interaction, and (c) the nuclear Schiff moment which is the nonpointlike effect of the nucleus with an EDM. Among them, the atomic polarization due to the P, CP-odd e-N interaction is a purely atomic effect, and it can only be studied by measuring the EDM of heavy atoms [6, 7, [46] [47] [48] [49] [50] [51] [52] . The P, CP-odd e-N interaction is attracting attention, since it is generated in the two-Higgs doublet model (2HDM) at the tree level, and has extensively been discussed in the literature [53] [54] [55] [56] . This process is also interesting because of its specific sensitivity to several classes of models such as supersymmetric models with large tan β [8, [57] [58] [59] [60] [61] or R-parity violation [14, [62] [63] [64] [65] , as well as to leptoquark models [51, 54, [66] [67] [68] where the schannel electron-quark interaction is relevant. Since atoms are one of the most accurately measurable systems and are now giving the world record in the EDM experiments, the study of the contribution of the CP-odd e-N interaction has an inevitable importance in the analysis of these models.
In the theoretical evaluation of the atomic EDM generated by new physics beyond the SM, hadronic, nuclear and atomic level calculations are required. In the context of the CP-odd e-N interaction, the results of the calculations at the hadronic level are already reaching a very good accuracy thanks to the progress of lattice QCD, currently being precise at the level of 10% [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] . The atomic level calculations are also known to be very accurate, and the theoret-ical uncertainty associated with them is typically of O(1%) [48, [81] [82] [83] [84] . For the nuclear level calculation of the EDM of 199 Hg, however, the nuclear spin matrix elements, which are the most important input, have never quantitatively been evaluated. An estimation using the simple shell model with only one valence nucleon is possible [49, 85, 86] , but it is known in modern nuclear physics that this naïve picture does not hold due to the configuration mixing, in particular for nuclei with nucleon numbers not close to magic numbers.
In Xe systems, the nuclear level inputs required in the analysis of the atomic EDM such as the contribution of the intrinsic nucleon EDM and the CP-odd nuclear force to the nuclear Schiff moment, or the nuclear spin matrix elements, were evaluated in the shell model with configuration mixing [17, [87] [88] [89] [90] . Combined with the available results of accurate atomic level calculations [48, 81, 91] , this allowed a quantitative access to the CP violation at the hadronic level and beyond. Following the success of the nuclear level calculation of Xe systems, we expect that the application of the same framework to 199 Hg, which provides the world record in the EDM measurement, will have the best impact on the study of new physics contributing to the CP-odd e-N interaction. In this paper we therefore accurately evaluate the nuclear spin matrix elements of 199 Hg nucleus using the shell model, to allow quantitative analysis of typical theories beyond the SM contributing to the CP-odd e-N interaction, i.e. the extended Higgs models, supersymmetric models, and leptoquark models. This paper is organized as follows. We first present in Section 2 the CP-odd e-N interaction and their relation with the EDM of 199 Hg atom. We then give the detail of the framework of the calculation of the spin matrix elements of 199 Hg and neighboring odd-nuclei in the shell model in Section 3, and show the result as well as the relation between the quark-gluon level CP-odd interaction and the EDM of 199 Hg. We then analyze in Section 4 the constraints on several candidates of new physics beyond the SM. The last section is devoted to the summary.
The P, CP-odd electron-nucleon interaction
The leading P, CP-odd electron-nucleon (e-N) interaction contributing to the atomic EDM is given by three types of dimension-six contact interactions [6, 7, 14, 51] :
Here we denote the first, second, and third terms by the scalar-pseudoscalar (SP), the pseudoscalar-scalar (PS), and the tensor (T) type interactions, respectively. Note the minus sign of C T N due to the convention. The EDM of 199 Hg atom is given by the leading order perturbation of the CP-odd electron-nucleus interaction
where ψ m labels the atomic eigenstates. From the nonrelativistic spin structure of the CP-odd e-N interaction (1), it is possible to parametrize the EDM of 199 Hg atom in the leading order of the CP-odd e-N couplings as
where σ Nz ≡ 199 Hg| σ Nz | 199 Hg (N = p, n) is the nuclear spin matrix element. We see that the T and PS type CPodd e-N interactions depend on the nuclear spin matrix elements, and we therefore need their accurate value to quantitatively analyze the effect of new physics. The factors 0.40 and 0.60 are the fractions of the proton and neutron numbers over the total one, and are exact in the nonrelativistic limit. For the case of the SP type CP-odd e-N interaction, the calculation of nuclear matrix elements is therefore not required.
The atomic coefficient R T was calculated in several atomic level approaches [81] [82] [83] [84] . Here we use the result of the calculation in the relativistic coupled-cluster method
−20 e cm [17, 84] , where the theoretical uncertainty was estimated to be about 15%.
The PS type CP-odd e-N interaction is analytically related to the T type one with [7, 81] 
where R is the nuclear radius. From this relation we have R PS ≈ −1.2 × 10 −22 e cm. The 199 Hg atom is a diamagnetic atom and has a closed electron shell, so the EDM is not generated by the SP type CP-odd e-N interaction in the leading order of electromagnetic interaction. It is however induced by the hyperfine interaction [7, 49, 92] . The atomic level coefficient of the SP type CP-odd e-N interaction (C SP N ) has recently been calculated, giving R SP ≈ −2.8 × 10
−22 e cm [92] , with about 20% of uncertainty.
Let us move on to the derivation of the CP-odd e-N interaction from the quark-gluon level physics. The CP-odd e-N couplings of Eq. (1) are generated by the CP-odd electronquark interactions which have the same Lorentz structure and by the CP-odd electron-gluon interactions: 
where we assumed the isospin symmetry. The light quark contributions to the nucleon tensor charge are given by δu = 0.8 and δd = −0.2 from recent lattice QCD calculations [74, 75, [77] [78] [79] [80] , with 10% of theoretical uncertainty, being conservative. They are also extracted from experimental data using perturbative QCD based frameworks [93] [94] [95] [96] , but more accurate data with future experiments [97] [98] [99] [100] are required to perform quantitative analyses. For the strange quark contribution, previous works obtained δs = 0.008(9) [78, 79] and δs = −0.0213(54) [80] , which are marginally consistent within 2σ. The charm quark contribution is consistent with zero within the uncertainty |δc| < 0.005 [80] . We note that C T q (q = u, d, s, c) calculated at the scale of the new physics (e.g. µ = 1 TeV) has to be renormalized down to the scale where the results of the calculations of the nucleon tensor charges are available (µ = 2 GeV in most of the cases). The running of C T q from µ = 1 TeV down to µ = 2 GeV brings a factor of about 0.8 [101] [102] [103] [104] [105] . This suppression is intuitively understood by the radiative emission and absorption of the gluon, which flip the spin of the quark. A similar mechanism is also working at the level of the nucleon matrix element, attenuating the contribution of the quark to the nucleon tensor charge [106, 107] .
For the PS type CP-odd e-N interaction, we have to consider the gluonic contribution in addition to the CP-odd electron-quark interaction. The couplings are given by
where the isospin symmetry was used. The nucleon matrix elements are phenomenologically derived from the anomalous Ward identity [14, [62] [63] [64] [108] [109] [110] [111] [112] [113] . Using the latest QCD level inputs [114, 115] , we have p|ūiγ 5 u|p = 180, [17] . It is important to note that the PS type CP-odd e-N interaction is enhanced, due to the pion pole contribution of the light quarks [108, 116] . We also point out that at a scale below the quark mass threshold, the b and t quarks contribute to C PS eg through quark loops, as
, in the leading order in α s [117] [118] [119] [120] [121] . For the case of C PS q , the renormalization grows the couplings when the scale decreases since the product of N|qiγ 5 q|N and the current quark mass form invariants. The running from µ = 1 TeV to µ = 2 GeV yields an enhancement of a factor of about two (this is also valid for b and t quark contributions since
The SP type CP-odd e-N interaction is derived in a similar way as the PS one:
where we again used the isospin symmetry. Here the pionnucleon sigma term is given by σ πN ≈ 40 MeV [69] [70] [71] [72] and the isovector nucleon scalar charge is g S ≈ 0.9 at the scale µ = 
The nuclear shell-model calculation
The nuclear shell model is one of the most successful models to describe various properties of nuclear structure such as the energy spectra, the electromagnetic transitions, and the electromagnetic moments. In order to study the nuclear structure and calculate the nuclear spin matrix elements of 199 Hg, it is preferable to exploit all the singleparticle levels between magic numbers 82 and 126 for neutrons and those between magic numbers 50 and 82 for protons. It is, however, very hard to perform the full shellmodel calculations for 199 Hg due to the large number of shell-model configurations. To get around this problem, the pair-truncated shell model (PTSM), where the full shellmodel space is truncated within subspaces composed of collective pairs of nucleons, is utilized. The details of the PTSM framework are given in Ref. [133] [134] [135] [136] . For the single-particle orbitals in the shell-model space, we employ the six orbitals between magic numbers 82 and 126, (0h 9/2 , 1 f 7/2 , 0i 13/2 , 2p 3/2 , 1 f 5/2 , and 2p 1/2 ), for neutrons and the five orbitals between magic numbers 50 and 82, (0g 7/2 , 1d 3/2 , 1d 5/2 , 2s 1/2 , and 0h 11/2 ), for protons. The single-particle energies listed in Table 1 are determined to reproduce some low-lying spectra in 207 Pb and 207 Tl. Both neutrons and protons are considered as holes. The full shellmodel space is truncated into the subspaces composed of collective pairs with angular momentum zero (S -pairs), two (D-pairs), and four (G-pairs) for protons, and S and D pairs for neutrons.
As a nuclear effective interaction, the so-called monopole plus quadrupole-quadrupole interaction is employed [135, 136] . The Hamiltonian is written aŝ
whereĤ n andĤ p consist of the single-particle energies and the two-body interactions for neutrons and protons, respectively, and H np represents the quadrupole-quadrupole interaction between a neutron and a proton. The strength parameters of the effective two-body interactions in Eq. (12), which are listed in Table 2 , are determined by performing a χ 2 -fit to the experimental spectra for some low-lying states in 200 Hg, 198 Hg, 198 Pt, and 196 Pt nuclei. Figure 1 shows the energy spectrum for 199 Hg in comparison with the experimental data. Table 1 : Single-particle energies ε τ for neutrons (τ = n) and protons (τ = p) in units of MeV. 2p 1/2 1 f 5/2 2p 3/2 0i 13/2 1 f 7/2 0h 9/2 ε n 0.000 0.570 0.898 1.633 2.340 3.415 2s 1/2 1d 3/2 0h 11/2 1d 5/2 0g 7/2 ε p 0.000 0.351 1.348 1.683 2.500 Table 2 : Strengths of two-body interactions between neutrons (n-n), protons (p-p), and neutrons and protons (n-p). The results of the nucleon spin matrix elements for the 1/2 − 1 state of 199 Hg are
Although the optimized value of χ 2 = 0.0979 is obtained, these parameters are not so good with respect to the reproduction of the spin of the experimental ground state. 199 Hg with the optimized strength parameters of the effective two-body interactions (PTSM1) and the same parameters except for a single-particle energy ε n (1 f 5/2 ) = −0.2 MeV (PTSM2). The experimental data (Expt.) is taken from Ref. [137] .
The correct spin 1/2 for the ground state can be reproduced by artificially changing the single particle energy as ε n (1 f 5/2 ) = −0.2 MeV. In this case the results are
Thus, we estimate the systematic error of our calculation by the difference of these two sets of values. Our result for the nuclear spin matrix elements is therefore In the simple shell model with one valence neutron, the nuclear spin matrix elements of 199 Hg are given by σ nz = − 1 3 , σ pz = 0 [7, 14, 49] . Our results for σ nz and σ pz are consistent with the simple estimations, which suggest that the one valence nucleon picture is relevant. Table 3 shows the results for odd-mass Hg isotopes. The results gradually approach the simple estimation as the number of valence neutrons decreased.
The above results provide us the relation between d Hg and the CP-odd e-N couplings
We neglected the effect from the proton spin matrix element since it is small and its theoretical uncertainty exceeds the central value. We also display the relation between d Hg and the CP-odd quark/gluon level interactions
with a conservative errorbar of 30% for the u-and d-quark contributions, and 60% for the others. Note that the CP-odd electron-quark/gluon couplings were renormalized at µ = 1 TeV.
Constraints on new physics beyond standard model
e e e e e eg g Let us now discuss concrete constraints for several known models. The first candidate to be considered is the 2HDM. In the standard 2HDM, the CP phase appears in the mixing between two Higgs modes [138] [139] [140] [141] [142] [143] [144] . This mixing generates SP and PS type CP-odd e-N interactions at the tree level, as shown in Fig. 2 (a) . The experimental data of d Hg yield the following constraints:
where we only considered the contribution from down-type quarks which is enhanced with tan β. The mass of the lightest Higgs boson is m H = 125 GeV [145] [146] [147] , but that of the CP-odd one A is undetermined. In the above discussion, we did not constrain the CP violation of the top quark sector [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] because it is more tightly bounded by the analysis of the Barr-Zee type diagram [56, . The supersymmetric models [179] [180] [181] include the 2HDM as the limit of heavy sparticles. If the sfermions are relevant, additional contributions to the CP phase of the Yukawa coupling from loop diagrams are possible [182] [183] [184] [185] [186] [187] . The first effect we might consider is the squark loop inducing the HG µν,a G µν a vertex which contributes to the SP type CP-odd e-N interaction [see Fig. 2 (c) ] [60] . This contribution is, however, well below that given by the CP-odd electron-quark interaction, as we will see below.
The correction to the Yukawa vertex with intermediate sfermion propagation may be important in the case of large tan β. This effect actually brings an additional tan β to the CP-odd e-N interaction, resulting in a tan 3 β dependence [58, 59] . For large tan β, we actually have
where sin
. We note that for the bottom quark case, the contribution from the Barr-Zee type diagram is dominant, and other stronger constraints are available. Note that for the 2HDMs, interesting cancellations or fine-tunings may occur [188, 189] , although we do not consider them in this work.
In the supersymmetric extension of the SM, R-parity violating (RPV) interactions [190] [191] [192] [193] , which do not conserve lepton or baryon numbers, are also allowed. The relevant RPV interactions are given by
where field operators with tilde denote sparticles. The coupling constants λ i jk , λ ′ i jk (i, j, k = 1, 2, 3 are the flavor indices) may have nonzero CP phases. In this case, a nonzero CP-odd e-N interaction is generated through the t-channel process [see Fig. 2 (a) ]. Here we note that the pion pole effect enhances the contribution from the PS type CP-odd electron-quark interaction involving the d-quark. The constraints given from the experimental data of d Hg are then
i=2,3
The coupling i=2,3
[Eq. (26) ] can be specifically constrained by the EDM of 199 Hg via the CP-odd e-N interaction thanks to the pion pole enhancement. On the other hand, heavier flavor contributions are more constrained by the analysis of the Barr-Zee type diagrams [14, 65, 194, 195] .
The analysis of the CP-odd e-N interaction also has an important impact on the CP violation of the leptoquark models [196] [197] [198] [199] . It is generated by the s-channel process, as shown in Fig. 2 (c) . We can conceive spin-1 and spin-0 leptoquarks, as given by the Lagrangian of Ref. [67] :
where S 1 and R 2 (U 1 and V 2 ) are the spin-0 (spin-1) leptoquarks. The spin-1 leptoquarks can only generate SP and PS type CP-odd e-N interactions, whereas the spin-0 one also gives a T type one. We can then derive the following constraints from the experimental data of d Hg :
where m S 1 and m R 1 (m U 1 and m V 1 ) are the masses of the spin-0 (spin-1) leptoquarks. Here for simplicity, we only considered one leptoquark multiplet for each spin. In the general case with several leptoquark multiplets, there may be additional mixings [67] . For the exchange of spin-1 leptoquarks, the EDM of 199 Hg is dominantly generated by the PS type interaction, due to the pion pole enhancement. In the case of spin-0 leptoquark exchange, the contributions from the T and PS type CP-odd e-N interactions are comparable.
Let us also mention the SM contribution, generated by the CP phase of the CKM matrix. The current understanding is that its leading effect to the CP-odd e-N interaction is given by the pion-exchange process, via the SP type interaction (C SP N ) [54, 200, 201] . The coupling is estimated to be C SP N ∼ 10 −17 ,
which gives a contribution of d Hg ∼ 10 −39 e cm. In the diamagnetic atomic system, the contribution from the nuclear Schiff moment [45] is also relevant. From a model calculation, this contribution is given by d Hg ∼ 10 −35 e cm [201] , which is much larger than that of C SP N . We however have to note that the above analyses did not consider the dynamical nuclear effect of the intermediate hypernuclear state [202] , and the neglect of it may introduce sizable systematics. This issue has to be inspected in future works.
Conclusion
In summary, we evaluated the nuclear spin matrix elements of 199 Hg, which are required in the evaluation of the atomic EDM generated by the PS and T type CP-odd e-N interactions, within the nuclear shell model. The 199 Hg nucleus has a dominant configuration with p 1/2 orbital neutron, and the errorbar deduced is less than 20% for the neutron spin matrix element. For the proton one, the errorbar is larger than the central value, but its size is much smaller than the neutron one, so it can be neglected in the analysis of many candidates of new physics beyond the SM.
We also analyzed the contribution of the P, CP-odd e-N interaction to the EDM of the 199 Hg atom within 2HDMs, supersymmetric models, and leptoquark models. Thanks to the tight experimental limit of the 199 Hg atom, we could set strong constraints on the semi-leptonic sector of these models. The CP-odd e-N interaction is therefore critically important to probe those specific candidates.
Before we obtained our result, the nuclear spin matrix elements of 199 Hg were the only missing link between the semi-leptonic CP violation and the experimental data of the EDM of 199 Hg. Through our analysis, we could fill the gap, and combining with the accurate hadronic and atomic inputs, the CP-odd e-N interaction became the most accurately known CP-odd process of the EDM of 199 Hg. Our analysis using the nuclear shell model definitely has to be extended to the study of the nuclear Schiff moment generated by the intrinsic nucleon EDM and the CP-odd pion-nucleon interactions to reduce the theoretical uncertainty. We also expect our framework to be applicable in the evaluation of the spin matrix elements of other heavy nuclei such as 225 Ra which has already been measured in experiment [42] .
